To investigate whether female reproductive history and hormone replacement therapy (HRT) or birth control pills (BCPs) influence risk for age-related macular degeneration (AMD) and whether genetic factors interact with HRT to modulate AMD risk. METHODS. Related and unrelated female participants (n ϭ 799) were examined and data were analyzed with generalized estimating equations with adjustment for age and smoking. Individuals with AMD grades 1 to 2 were considered to be unaffected (n ϭ 239) and those with grades 3 to 5 were considered affected (n ϭ 560).
T he leading cause of irreversible vision loss among the elderly in the United States today is age-related macular degeneration (AMD). 1, 2 The rate of vision loss among those with AMD is predicted to double by 2020 due to the fastgrowing population of those over 65 years of age in the United States. 3 AMD is a complex multifactorial disease consisting of both genetic and environmental risk factors that affect the retina, particularly the macula, and often causes various degrees of central visual loss. 4 -7 In the absence of treatment, severe and irreversible vision loss can occur, highlighting the importance of identifying risk factors and those at risk for AMD. The strongest known risk factors for AMD include age, cigarette smoking, and variants in the complement factor H (CFH), complement factor B (CFB), and age-related macular degeneration 2 (ARMS2) genes. 8 -13 These risk factors, however, explain only a portion of AMD risk, and other risk factors have yet to be identified.
Results in studies suggest that exposure to estrogen resulting from both hormone replacement therapies (HRTs) and reproductive factors is associated with a lower prevalence of AMD 14, 15 and other retinal diseases. 16 -18 In these studies, an inverse association was observed with current and former use of HRT and/or birth control pill (BCP) use among Caucasian and Latino women with neovascular AMD and pooled analyses including neovascular and non-neovascular AMD. The approximate effect size (OR) was ϳ0.50 across studies. 14, 15, 19, 20 These studies have not consistently replicated the findings despite comparable sample sizes, possibly because analyses were performed with slightly different definitions of HRT and BCP use (e.g., binary ever/never versus years of HRT or BCP use). [21] [22] [23] In many of these studies, the sample size was limited for the variables examined. For example in the Eye Disease Case Control study 14 fewer than 1% of the women took BCPs. Despite this, an effect size (OR ϭ ϳ0.50) comparable to that in studies that have reported statistically significant associations with BCP was observed. The consistency of effects (regardless of statistical significance) suggests that limited power may have been the reason for discrepant results when examining BCP use in AMD. Other studies have observed the associations in univariate but not in multivariate analyses in well age-matched case-control studies, possibly due to loss of power by overfitting the multivariate model. 24, 25 Another explanation of these discrepancies is that these studies did not look at genetic risk factors that may interact with HRT or BCP. Misspecifying the model-influencing risk of AMD by neglecting an interaction term may explain why these studies had inconsistent results. 26, 27 Some studies have made adjustments for potential confounders, including genetic risk factors such as Y402H in the CFH gene; however, none of these studies have looked at gene x environment interactions between HRT or BCP and genetic risk factors.
The protective direction of the associations observed with HRT and AMD is relatively consistent across studies and, to some extent, with exogenous estrogen use (e.g., oral contraceptives). [21] [22] [23] However, research has shown that oral contraceptive has been associated with an increase in risk for some retinal conditions. 28 Further studies are warranted to determine what role female reproductive history and HRT have on AMD risk.
Because of the inconsistencies observed in association studies of AMD with HRT and BCPs, we examined female reproductive history and HRT for association with AMD and tested whether these factors might modify the effects of established genetic risk factors: complement factor H (CFH), complement factor H-related proteins (CFH-R1, R3), complement factor B (CFB), age-related macular degeneration 2 (ARMS2), complement component 3 (C3), HtrA serine peptidase 1 (HTRA1), and apolipoprotein E (APOE).
MATERIALS AND METHODS

Study Population
Caucasian female participants were recruited into the study by their physicians (EAP, AA, JLK, SGS), through advertisements in waiting rooms and newsletters, presentations to senior groups, and AMD project Web pages. Informed consent was obtained for all patients, and information was collected in compliance with both the internal review boards of all participating institutions and the Health Insurance Portability and Accountability Act of 1996. The study protocol adhered to the tenets of the Declaration of Helsinki.
All AMD patients underwent an eye examination that included color fundus photographs for AMD evaluation. Study ophthalmologists examined the color fundus photographs of all participants and assigned AMD grades, as previously described. 29 -31 The overall grade assigned each individual was based on the more severely affected eye. Subjects were assigned a grade of 1 through 5, according to a modified classification from AREDS (Age-Related Eye Disease Study), according to both the Wisconsin grading system and the International Classification System. [32] [33] [34] Individuals with grades 1 and 2 were classified as "unaffected" controls; those with disease grade 3 or higher were considered "affected" cases. A detailed description of the clinical definition for each AMD grade is provided in Table 1 .
Evaluation of Female Reproductive History
Female participants who filled out the self-administered health and activities questionnaire and answered the questions regarding female reproductive history, HRT, and BCP use were included in the analysis. The questionnaire was formatted in large print to accommodate those individuals with low vision. In situations in which a participant was not able to complete the questionnaire without assistance, a project coordinator helped the patient with the form. Female reproductive history was assessed by a series of five questions: (1) "How old were you when you started having menstrual periods?" (2) From these questions, the following variables were constructed for analysis: age at menstrual period start (continuous), has menopause been reached (yes, coded 1/no, coded 0), menstrual period stop age (continuous), why did menstrual period stop (categories included, natural menopause, hysterectomy without oophorectomy, partial hysterectomy, radiation chemotherapy, total hysterectomy), HRT (ever, coded 1/never, coded 0), HRT currently (yes, coded 1/no, coded 0), total years of HRT (continuous), BCP use (ever, coded 1/never, coded 0), and total years of BCP use (continuous). For the variable, why did menstrual period stop, each category was tested in a separate analysis treating each as a risk variable (coded 1) comparing it to the baseline (natural menopause).
Description of the Available Clinical Dataset
As described in Table 1 , Caucasian female patients from 492 multiplex and singleton families (560 cases and 239 controls) of non-Hispanic descent who returned the self-administered health and activities questionnaire were included in this analysis. Among these individuals, 392 were unrelated (363 cases and 29 controls), and the remaining individuals made up 100 families, with 66 families containing more than 1 case individual. Of the 239 controls, 169 were classified grade 1 and 70 grade 2. Of the 560 cases, 172 were classified grade 3, 75 grade 4, and 313 grade 5. The mean age at examination for cases (75.5 Ϯ 8.3 years) was higher than the mean age for controls (66.8 Ϯ 8.3 years). Among these individuals, 50% of cases and 41% of controls were smokers (yes, 
Statistical Analysis
Analysis of Female Reproductive History and HRT. To assess the influence of female reproductive history, HRT, and BCP use on risk of AMD, we implemented population averaged generalized estimating equations (GEEs; SAS, Proc GENMOD, ver. 9.1; SAS Institute, Cary, NC). GEE was used to account for the correlations among related individuals, as the data consisted of a combination of related and unrelated female cases and controls. GEE is a valid test of gene x gene and gene x environment interactions in family data. 41 Populationaveraged GEEs with an independence correlation matrix to adjust for correlations among related individuals using a robust variance estimator for each term were used for analyses. Each exposure of interest was included in multivariable analyses adjusting for known AMD risk factors, age at examination (continuous), and smoking status (ever smoked at least 100 cigarettes in lifetime, coded 1, vs. never smoked 100 cigarettes in lifetime, coded 0). Odds ratios (ORs) and 95% confidence intervals (CIs) were estimated from GEE analyses.
These analyses were performed comparing all AMD cases (moderate AMD, 3 geographic atrophy, 4 and neovascular AMD 5 ) with controls. However, to investigate whether neovascular AMD significantly differed from early AMD and geographic atrophy AMD, for statistically significant (P Ͻ 0.05) associations, we followed up with analyses stratified by AMD grade.
Genetic Analysis. Tests for deviations from Hardy-Weinberg equilibrium (HWE), calculations of minor allele frequency, and pairwise linkage disequilibrium (LD) between SNPs were calculated by using Haploview statistical software. 42 For these calculations, one case and one control were randomly selected from each family. Haplotype blocks were defined according the Gabriel et al. 43 algorithm. Single-marker tests of association were performed with GEEs, with additive genotypic tests of association used that modeled the minor allele as the risk allele (0, homozygous major allele, vs. 1, heterozygous, vs. 2, homozygous minor allele), with adjustment for age at examination and smoking status. Alleles E2, E3, and E4 at APOE were determined from genotypes at two SNPs and coded into two indicator variables for the effects of E2 and E4. Two analyses were performed for APOE. For the first analysis, genotypes were coded E3/E3 ϭ 0, E2/E3 ϭ 1, and E2/E2 ϭ 2 and for the second analysis genotypes were coded E3/E3 ϭ 0, E4/E3 ϭ 1, and E4/E4 ϭ 2.
Univariate analyses were followed up, and the joint effects of statistically significant variables (from female reproductive history analyses) and established AMD risk genes, including all genotyped SNPs within those genes, were examined for association with AMD susceptibility. When statistically significant interactions were observed, stratified analyses of SNP genotypes and variable subgroups were performed. All SNPs examined are listed in Supplementary Table S1 . We performed interaction analyses using additive genotypic models with the minor allele as the risk allele, with the exception of CFH SNP Y402H (rs1061170), ARMS2 SNP rs1040924, and CFB SNP rs641153, which had all been associated with AMD in a dominant model using the major allele homozygote as the referent exposure. All tests were considered significant at a type I error rate of ␣ ϭ 0.05 for the interaction term. These analyses were performed with pooled affected AMD grades and stratified by grade if a significant association was observed in pooled analyses (early AMD, 3 geographic atrophy, 4 and neovascular AMD 5 ).
RESULTS
Female Reproductive History and Hormone Use Analyses
GEE multivariable analyses of all cases and controls ( Table 2) found significant inverse associations of AMD and both HRT (P ϭ 0.008) and BCPs (P ϭ 0.048), adjusting for the effects of age at enrollment and smoking. However, when analyses were stratified by "affected" AMD grades, the inverse associations increased in significance for both HRT and BCP when comparing neovascular AMD (grade 5) with controls (grades 1 and 2; HRT OR ϭ 0.45, 95% CI 0.30 -0.66, P Ͻ 0.0001; BCP OR ϭ 0.55, 95% CI 0.32-0.96, P ϭ 0.036). BCPs consistently had inverse associations across AMD grades, however, for HRT, the inverse association was only observed for grade 5 and all grades pooled.
Genetic Analysis
We followed-up the significant associations we observed (HRT and BCP) with interaction analyses examining the joint effects of both these variables and established AMD genetic risk factors. A complete list of the SNPs and genes examined is in Supplementary Table S1 . Demographic information, single locus tests of association, and characterization of LD structure on all our AMD samples have been published 11, 30, 37 ; however, in this report, we present the analyses of a subset of those samples (female participants who had been genotyped and completed questions regarding reproductive history, HRT, and BCP use).
Although we did not observe a statistically significant interaction (P Ͻ 0.05) between HRT or BCPs and the specific SNPs previously associated with AMD, we did observe some significant associations at several other markers in those genes. ARMS2 showed the strongest evidence of association, with a statistically significant interaction with HRT at two SNPs (coding SNP R73H rs10490923 x HRT, P ϭ 0.007; intronic SNP rs17623531 x HRT, P ϭ 0.019; Table 3B ). These SNPs did not have statistically significant single-marker effects (Table 3A) . We did observe, however, five statistically significant associations (rs10490924, A124205188G, rs3750848, rs3750846, and rs10664316; P Ͻ 0.01 for all) at other SNPs in ARMS2. None of these SNPs deviated from HWE. In this subset of women, LD analyses showed that rs10490923 and rs17623531 were in perfect LD, with an r 2 ϭ 1.0 (Fig. 1) , suggesting that these two results probably represent a single interaction with HRT. Although the two SNPs are in complete LD, they do not have identical test results due to a small number of randomly missing genotypes. When analyses were stratified by AMD grade, the interaction with rs17623531 was not significant, but remained for rs10490923 AMD grades 3 (P ϭ 0.046) and 5 (P ϭ 0.044).
When stratified analyses were performed (stratifying by both genotypes and HRT) we observed that significance at these SNPs was present only in individuals who indicated use of HRT (rs10490923 OR ϭ 0.39, 95% CI 0.22-0.67, P ϭ 0.0007; rs17623531 OR ϭ 0.38, CI 0.22-0.66, P ϭ 0.0006; Table 3C ). We also observed that HRT was most significant with the rs10490923 AG&GG (OR ϭ 0.50, 95% CI 0.30 -0.84, P ϭ 0.009) and rs17623531 AG&GG (OR ϭ 0.54, 95% CI 0.34 -0.87, P ϭ 0.011) genotypes, for which risk was based on having at least one copy of the minor allele (Table 3C ). All gene x environment interaction analyses were performed with adjustment for age at examination and smoking. A significant test statistic for the interaction term would indicate that both were synergistic, inverse associations with AMD.
DISCUSSION
In the present study, we observed significant inverse associations with HRT and BCP use and AMD risk and significant interactions between ARMS2 and HRT. Our strongest interaction was observed with two variants in ARMS2, including one intronic and one coding variant, and HRT adjusted for age at enrollment and smoking. This inverse association was strongest in pooled affected AMD grades 3 to 5. These interactions did not include the specific variants previously associated with AMD risk, although these associations were also in close proximity to the coding variant previously associated with AMD, ARMS2 rs10490924. These results are consistent with some studies that have observed protective effects of HRT and oral contraceptive use in Caucasian and Latino AMD patients 14, 15, 20 and in contrast to others in which these effects have not been observed. [21] [22] [23] The inconsistent replication of the associations with BCPs and HRT are not attributable to study design differences, as both studies that have replicated and those that have not have consisted primarily of a cohort study design. Our strongest associations with HRT and BCPs were observed in those individuals with grade 5 or neovascular AMD. This effect, specific to those individuals with the neovascular AMD, has also been observed in previous studies (OR ϭ ϳ0.50).
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HRT has been associated with reduced risk of cardiovascular disease in postmenopausal women, with evidence coming from both epidemiologic and clinical studies. 44, 45 However, conflicting results of randomized clinical trials performed by the Women's Health Initiative (WHI) have shown no benefit of oral BCP or HRT on cardiovascular risk 46 in some studies and protective effects in others. 47 The protective effect that has been observed has been attributed to the lowering of lowdensity lipoprotein (LDL) cholesterol levels and the elevation of high-density lipoprotein (HDL) cholesterol levels, as well as favorable changes in fibrinogen and PAI-1, enhanced blood flow, and antioxidant properties. 48 -50 Estrogen has also been associated with lowered risk of mortality among women. 15 Recently, the ARMS2 A69S polymorphism (rs10490924), which has been associated with AMD, 12, 13 has also been associated with coronary artery disease. 51 This association with cardiovascular disease is not surprising, given that AMD is a risk factor for cardiovascular disease and has been positively associated with increased mortality among women with AMD compared with women without AMD. 52 ARMS2 is a gene of unknown function on chromosome 10q25. It is located in close proximity to PLEKHA, a phosphoinositol-binding protein, and PRSS11, a protein containing both insulin-like growth factorbinding and serine protease domains. ARMS2 A69S is located between 200 to 500 bp from the ARMS2 variants we observed to interact with HRT, although they are not in high r 2 with this variant. Presently, the biology underlying the interaction between ARMS2 and HRT is unknown; however, these results suggest that the impact of menopause on blood lipids and lipoproteins puts women at higher risk of several cardiovascular diseases, and women who have specific ARMS2 variants and who take HRT are at decreased risk of these diseases. 53 A biological pathway to AMD that features HRT may include estrogen receptor ␣ (ESR1) and estrogen receptor ␤ (ESR2). Both ESR1 and ESR2 proteins have been observed in the human retina, suggesting that estrogen plays a role in the pathogenesis of AMD. 54, 55 Estrogen controls expression of chitinase 3-like-1 protein (YKL-40) found in choroidal neovascular membranes, if levels of estrogen are reduced then this can lead to the upregulation of YKL-40 and neovascular AMD. 56 Estrogen provides an antioxidant effect by inhibiting lipid peroxidation, which provides protection against oxidative damage in the retina caused by the aging process. 57, 58 A haplotype (PvuII_XbaI haplotype 1) in ESR1 has recently been identified as being associated with lowered serum estradiol levels. 59 Studies by Boekhoorn et al., 60 using the Rotterdam cohort study population, have shown that PvuII_XbaI haplotype 1 in ESR1 is associated with risk for late AMD, with a stronger effect observed for neovascular AMD (hazard ratio ϭ 4.29, 95% CI 1.47-12.49, with adjustment for age, sex, smoking, and CFH). 60 They did not, however, test for a direct interaction between this ESR1 haplotype and HRT or oral contraceptive use.
Although these results are interesting, there are some limitations to our study. Although our associations with HRT and AMD and the interaction between ARMS2 and HRT remain significant after an FDR correction (q* ϭ 0.20) 61 for the number of variables and genes examined, further studies are necessary to replicate and extend these findings in independent cohorts. Another factor that may affect our findings is the potential bias caused by our case group's being somewhat younger than our control group. To address this potential bias, we included a term in the multivariate model to adjust for confounding by age. This adjustment, however, may not take into account other unobserved factors such as a different medical awareness of the use of HRT and/or cycles of popularity of BCP by age and case/control status. As a result, we also performed analyses in which our data were divided into quartiles (Ͻ60, 60 -69, 70 -79, 80ϩ; results not shown) for the multivariate analyses of BCP and HRT with adjustment for smoking status. In these analyses, we observed that the protective effect was consistent across age ranges for both HRT and BCP, although the significance of the effect was dependent on the number of samples present for that age quartile. Examination of these factors would be beyond the scope of the present study but they are worth examining in follow-up studies of HRT and BCP, to demonstrate that the protective direction of the effects of HRT and BCP was independent of age quartile. In the past, our group has observed an association between ARMS2 A69S and smoking history. 37 We directly tested all the ARMS2 SNPs for interaction with smoking and did not observe a statistically significant interaction between the ARMS2 SNPs that interacted with HRT and smoking. Therefore, we did not adjust for a smoking interaction in our models. One factor that may explain why we observed the association in variants in the 5Ј region of ARMS2 but not at the previously observed ARMS2 variant rs10490924 may be the SNPs tagging variants upstream in the HTRA1 gene located approximately 6.1 kb downstream of ARMS2. HTRA1 has been associated with AMD in a white and Hong Kong Chinese cohort. 62, 63 It may be that we are observing associations with ARMS2 due to a functional variant in HTRA1. We did not observe an interac- tion with the previously associated HTRA1 SNP rs11200638; however, further studies examining the relationship between these ARMS2 variants and variants in HTRA1 should be conducted.
Our data indicate that both HRT and oral contraceptives have significant protective effects in women with AMD, particularly those with the neovascular form. We speculate that this effect may be due to the role that estrogen plays in the eye. These findings also lead us to conclude that HRT in women does not seem to have a significant effect on the occurrence of moderate AMD. If these results are validated, they may indicate that treatment with hormones reduces the risk of soft drusen and could be beneficial for prevention of later-stage AMD. Haan et al., 64 although with a small sample size, supported this conclusion in a study suggesting that HRT in individuals with neovascular AMD reduces their risk of soft drusen. These findings, although inconsistently replicated in the past, support a role for estrogen levels in AMD susceptibility and suggest that interactions with ARMS2 genetic variants may explain a portion of AMD risk. Further studies replicating these effects in an independent cohort are necessary to validate these findings. Expression studies evaluating the effect of variation in the 5Ј region of ARMS2 should be conducted to elucidate the mechanism underlying this gene's effect on AMD risk.
